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(57) Abstract 

A bioreactor apparatus (200) according to the present invention consists of two chambers, a feed and waste chamber (216) r ' 
and cell chamber (215) separated by a selectively permeable ultrafiltration membrane (210). Within the cell chamber (215), a bioc- 
ompatible three dimensional matrix entraps the animal cells. Due to the presence of this biocompatible matrix, the cell chamber 
(215) generally has a gel phase, i.e., the biocompatible matrix and cells, and a liquid phase containing a concentrated solution of 
the cell product to be harvested. Thus, the bioreactor of this invention uses only two chambers to achieve three distinct zones with- 
in the apparatus. 
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BIOREACTOP DEVICE 
This, application is a continuation-in-part 
of Application No. 197,700, filed on May 23, 1988, 
^ now abandoned. 

, 5 Field of the InvPnhi^ 

This invention relates to an improved 
bioreactor apparatus for maintaining animal cells and 
genetically altered derivatives thereof in vitro for 
the continuous production of various cell products. 
10 PgcKaround of the InvenHop 

Animal cells and genetically altered 
derivatives thereof are often cultivated in 
bioreactors for the continuous production of 
pharmaceutical proteins such as vaccines, monoclonal 
15 antibodies, and tissue type plasminogen activators. 

For example, pituitary cells can be cultured in vitro 
to produce growth hormones; kidney cells can be 
cultured to produce plasminogen activator; and 
cultured liver cells have been known to produce 
20 hepatitis A antigen. in these bioreactors, cells are 

essentially a system of catalysts and the medium 
supplies and removes the nutrients and growth 
inhibiting metabolites. To supply nutrients and 
remove metabolites, the medium in the bioreactor is 
25 changed either intermittently or continuously by 

fluid flow. However, because of their relatively 
sma11 size and sm all density difference when compared 
to the medium, cells inevitably are withdrawn when 
the medium is changed, resulting in a relatively low 
30 cell concentration within the bioreactor. As a 

result of this low cell concentration, the 
concentration of the desired cell product is low in 
the harvested medium. 
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An ideal animal cell bioreactor would 
include three features: (1) cells would be retained 
• in a viable state at high densities in the bioreactor 
apparatus as long as possible, with an almost 
infinite residence time; (2) high molecular weight 
compounds including, expensive growth factors and the 
desired cell products, would have a long but finite 
residence time within the bioreactor to allow for 
both efficient nutrient utilization by the growing 
cells and also the accumulation of cell products to a 
high concentration; and (3) the low molecular weight 
compounds, including less expensive nutrients and 
inhibitory substances, should have a very short 
residence time within the bioreactor to reduce 
15 inhibition of cell product formation. 

Numerous procedures and devices for in vitro 
cell culture production of biomolecules have 
attempted to achieve these goals in the past. in 
relatively simple systems, the cells have been grown 
in tissue flasks and roller bottles in the presence 
of a suitable nutrient media. More complex systems 
have used capillary hollow fiber membranes as a 
surface support for the cells in conjunction with a 
means for supplying nutrient media to the cells. 

For example, U.S. Patent No. 4,537,860 to 
Tolbert describes a static cell culture maintenance 
system for maintaining animal cells in a 
substantially arrested state of proliferation with 
continuous secretion of cell product. The cells are 
retained within a reactor vessel chamber in a 
semi-rigid matrix having interstices for passage of 
fluid nutrient medium. Fresh nutrient medium is 



20 



25 



30 



supplied by perfusion into the matrix through 
relatively low porosity tubes which are suspended in 
the reactor chamber and which substantially traverse 
the matrix. High porosity tubes are available to 
withdraw expended medium and cell product. 

A membrane-type cell reactor is also shown 
i n Construction of a Larag Scale Membrane Reactor 
System with Different Compartments for Ceils. Medium 
gnfl Product/ Develop. Biol. Standard., Vol. 66, pages 
221-226 (1987). in this membrane system, cells are 
immobilized in a wire matrix where different 
membranes separate the cells from the medium and the 
cells from the cell product. The membrane lying 
between the medium and the cells is an ultrafilter 
with a useful molecular weight cut-off preventing the 
particular cell product from crossing into the medium 
compartment. The other membrane is a microf iltration 
membrane which separates the cells from a cell 
product chamber. With this configuration it is 
possible to feed the cells continuously and harvest 
the collected cell product at a distinct time 
interval without removing cells. 

While these reactor systems attempt to 
tackle the problems of maintaining a high cell 
concentration to consequently harvest a high level of 
cell product, there is much room for improvement. 
Accordingly, the bioreactor of the present invention 
provides an in vitro cell culture system which 
maintains a large number of cells for an almost 
infinite residence time with continuous or 
intermittent cell product secretion. 
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Summary of tha £msntifln 
In accordance with the bioreactor of the 
present invention, animal cells are maintained in 
vitro over a sustained period of time. Briefly, this 
bioreactor apparatus consists of two chambers, a feed 
and waste chamber and a cell chamber, separated by a 
selectively permeable ultrafiltration membrane. This 
membrane selectively allows nutrients and cell waste 
products to cross between the chambers but not the 
desired cell product. Within the cell chamber, a 
biocompatible, three-dimensional matrix entraps the 
animal cells . Due to the presence of this 
biocompatible matrix, the cell chamber generally has 
a ge l phase, i.e., the biocompatible matrix, and a 
liquid phase containing a concentrated solution of 
the cell product to be harvested. Thus, the 
bioreactor of the present invention uses only two 
chambers to achieve three distinct zones within the 
bioreactor apparatus. Spent nutrients and cell waste 
products are withdrawn through an outlet means in 
flow communication with the feed and waste chamber. 
A withdrawal means, in flow communication with the 
cell chamber, may also be provided for collection of 
the desired cell product without disturbing the 
25 producing cells. 

Various features and advantages that result 
from a bioreactor apparatus using the principles of 
thxs invention are pointed out with particularity in 
the claims. However, reference should also be made 
to the drawings and the accompanying detailed 
description of the invention for a more thorough 
understanding of the invention. 
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Brief Description of the Drawings 
Figure 1 is an abstract representation of a 
bioreactor apparatus that uses the inventive 
principles of the present invention; 
5 Figure 2 is a pictorial representation of an 

embodiment of a bioreactor apparatus that uses the 
inventive principles of this disclosure; 

Figure 3 is a schematic view of a system 
using a flat bed type bioreactor apparatus; 
Ifl Figure 4 is a schematic view of a system 

using a hollow fiber bioreactor apparatus; 

Figure 5 is an exploded isometric view of an 
embodiment of the present invention; 

Figure 6 is a plan view of a base plate used 
15 in the embodiment depicted in Figure 5 ; 

Figure 7 is a plan view of a membrane used 
in the embodiment depicted in Figure 5; 

Figure 8 is a plan view of a media plate 
used in the embodiment of the invention depicted in 
20 Figure 5; 

Figure 9 is a plan view of a cell product 
plate used in the embodiment depicted in Figure 5; 

Figure 10 is a cross-sectional view of the 
embodiment depicted in Figure 5 through line 10-10; 
25 Figure 11 is a side cross-sectional view of 

another embodiment of the present invention; 

Figure 12 is a cross-sectional view of the 
embodiment depicted in Figure 11 through line 12-12; 
Figure 13 is a graph; 
30 Figure 14 is a graph; 

Figure 15 is a graph; 
Figure 16 is a graph; 
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Figure 17 is a graph; 
Figure 18 is a graph; 
Figure 19 is a graph; 
Figure 20 is a graphs- 
Figure 21 is a graph; 

Figure 22 is an abstract representation of a 
bioreactor apparatus that uses the inventive 
principles of the present invention; and 

Figure 23 is a cross-sectional view of the 
embodiment depicted in Figure 22. 

B^U a d_D ea£ r i p tiQn nf thp TTmpn1 . 1n|l 
With reference to the ideas depicted in 
Figures l and 2, a bioreactor 10 according to the 
inventive principles of this disclosure would 
generally include two chambers within a housing rae ans 
16 having a proximal end 18 and distal end 20 a 

7JZT\7 lY Permeable 22 lies within'housing 

means 18 Membrane 22 extends from proxi raa i end 18 
to distal end 20 to divide the interior of housing 

a cei1 c — 24 - * — ~ e 

The preferred membrane selectively allows 
lew molecular weight compounds, such as nutrients and 
cell waste products, to cross between cell J" t 
and feed chamber «. However, membrane" d .Tnot 
allow high molecular weight compounds, such as the 

Toe* 0 ? b ° ^ h " VeStea - *• cross between the 
two chambers. The membrane must be permeable to 
essentral nutrients and tosic waste products but must 
also retarn the desired cell products in the cell 
chamber Katurally, the desired upper molecular 
werght Umit of the membrane win be cho5e „ J£ 
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it is smaller than the molecular weight of the 
desired cell product. Thus, a suitable membrane for 
a cell product having a molecular weight exceeding 
14,000 would be constructed of processed cellulose 
5 having an upper molecular weight limit generally- 

ranging from 12,000 to 14,000. Such a membrane is 
commercially available from Spectrum Medical 
Industries, Inc. of Los Angeles, California, under 
the trade name Spectra/Por 4. Other ultrafiltration 
10 membranes that could be used with a bioreactor system 

of the present invention include polysulfone, nylon, 
polypropylene, polyester/polycarbonate, teflon, 
ionically charged membranes, cellophane, 
nitrocellulose polyethylene and ceramics. A few 
15 commercial examples include polycarbonate and 

polyester Nucleopore® membrane filters from 
Nucleopore Corporation in Pleasanton, California; 
polysulfone PTGC membranes from Millipore of Bedford, 
Massachusetts; and nitrocellulose Collodion® membrane 
20 filters from Schleicher and Schnell, inc. in Keene, 

New Hampshire. 

Feed and waste chamber 26 supplies the cells 
with nutrient medium and carries away expended medium 
and cell waste products that have crossed membrane 22 
25 to chamber 26. Inlet means 28 in flow communication 

with feed and w^ste chamber 26 are provided for 
supplying the desired nutrient medium. Outlet means 
30 further communicates with feed and waste chamber 
26 to remove ^expended medium and cell waste 
30 products. 

Growth chamber 24 consists of two distinct 
phases: a substantially insoluble, biocompatible 
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matrix 34 entrapping animal cells to form a gel 
Phase; and a concentrated solution of the se'cTeted 
• cell product forming a liquid phase. The term 
insoluble as used herein refers to a composition 
which is capable of being separated from the cell 
culture medium by filtration. This bisectional cell 
chamber 24 is formed when a suitable matrix 
precursor/cell suspension is placed within growth 
chamber 24. The cell containing matrix precursor 
suspension contracts within cell chamber 24 to form a 
generally dense, insoluble, cell-biocompatible 
matrix 34. Utilizing biocompatible matrix 34, cells 
can be maintained in vitro for a very long period of 
time. Residence times of up to 90 days have been 
15 reached. 

Generally, the cell-biocompatible matrix is 
formed when the chosen cells are mixed with a matrix 
precursor solution at lower temperatures ( e.g. . 0 °C. 
to 30°C), at lower pH values ( e,g, , 2 to 5.5), at 
20 both a lower temperature and a lower pH value, or in 

a solution of different ionic makeup. The chosen 
matrix precursor is preferably initially. in a soluble 
form to create this suspension. The cell-matrix 
precursor suspension is then introduced into the cell 
25 chamber 24 through inlet means 31. when the pH the 

temperature, or ionic character is changed from the 
initial value, polymerization or aggregation occurs 
with the resulting polymer chains forming insoluble 
aggregates <% ^, pH value increased to the range of 
6.8 to 7.4, temperature increased to the range of 
37°C. to 45-C). These insoluble aggregates will 
further aggregate to form fibers. These fibers, in 



30 



turn, entrap the cells creating what is referred to 
as the substantially insoluble, cell-biocompatible 
matrix 34. 

It is further desired that the chosen matrix 
precursor have the ability to rapidly form a 
substantially insoluble, biocompatible matrix in situ 
to uniformly entrap the cells, before the cells 
settle. The chosen matrix precursor should 
preferably form the fibrous matrix upon a physical or 
chemical change in the cell-matrix precursor 
suspension. Such a change could be the result of a 
shift in pH or temperature value, or both, addition 
of a comonomer or any other initiator of 
polymerization, or any combination of these methods. 
Depending on the chosen matrix precursor, the formed 
matrix could be the result of polymerization, 
aggregation, ionic complexation or the like. 

For the sake of convenience, it should be 
understood that wherever the term polymer or 
aggregate is used to refer to the matrix 
construction, the matrix is not limited to compounds 
with those characteristics. Any biocompatible, 
substantially insoluble matrix that forms in situ and 
entraps cells, at least initially, is considered to 
be within the scope of the present invention. 
Likewise, the matrix precursor should be read to 
include, but not be limited to, all compounds which 
tend to polymerize or aggregate or the like to form 
the matrix in situ. 

Due to contraction either caused by the 
cells or the matrix itself, the cell-biocompatible 
matrix will, in some cases, but not all, contract to 
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one quarter of the original volume occupied by the 
mixture in a few hours or days. For the present 
invention it is not necessary for the 
cell-biocompatible matrix to contract to this 
extent. A cell-matrix which contracts to 
approximately 90% of the original volume occupied by 
the mixture is desired. A cell-matrix which has 
contracted to approximately 75% of the original 
volume occupied is even better. A cell-matrix which 
has contracted to approximately 50% of the original 
volume is even more preferred. However, the most 
desirable cell-matrix will contract to approximately 
one-third of the original volume occupied by the 
mixture . 

After contraction has occurred, cell chamber 
24 has two distinct zones, fche cell-biocompatible 
matrix zone and a liquid zone in which high molecular 
weight compounds produced by the cells win 
accumulate. Cell products can be harvested 
periodically or continuously through withdrawal means 

The resulting matrix must be at least 
partially insoluble in the cell media that is 
employed under optimum culture conditions, pH 
7-0-7.4; temperature = 37°C; and osmolarity = 275 
400 milliosmoles. m addition the cell-biocompatible 
matrxx must be non-cytotoxic and sterilizable 
Numerous matrix precursor compounds can be used to 
create the desired cell-biocompatible matrix 

One compound that has. been found to form a 
particularly suitable matrix is collagen. sterile 
high purity native ateleopeptide collagen Type I is 
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commercially available from Collagen Corporation in 
Palo Alto, California under the trade name Vitrogen™ 
100* Teleopeptide collagen Type I has also proven to 
be useful and is available in a relatively pure form 
from Gottefosse Corporation located in Elmsford, New 
York under the trade name Pancogene S™. Whenever the 
term collagen is used in this description, it should 
be read to include any type of collagen or modified 
collagen which is at least partially insoluble under 
optimum cell culture conditions- For example, 
collagen may be modified according to the techniques 
of United States Patent No. 4,559,304 to Kasai, et 
al., the disclosure of which is incorporated by 
reference herein. 

A collagen-chitosan mixture may also be 
used. Suitable chitosan, a derivative of chitin in 
which many of the N-acetyl linkages have been 
hydrolysed to leave the free amine, can be obtained 
from Protan Labs of Redmond, Washington in a dry 
state under the label Ultrapure Chitosan. As in the 
case of collagen, it should be recognized that the 
chitosan can also be chemically modified and still be 
an effective means for forming the matrix. In 
addition, the in situ polymerization of a fibrinogen 
and thrombin mixture to form fibrin has been 
successfully employed. 

Other materials which would meet the 
requirements of this system include: (1) polyamines 
wherein the subunits which make up the polymer have a 
pk Q value generally ranging from 7 to 10, such as 
collagen and chitosan. Such polyamines are soluble 
in a cell culture media at pH values generally in the 
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range of 2 to 5.5 when in a protonated form and 
partially insoluble in a cell culture media at pH 
• values generally ranging from 6.8 to 7.4 when in a 
partxally unprotonated form;. (2) a mixture of water 
5 soluble polyanionic polymers and polycationic 

polymers. This mixture would associate through ionic 
bonds and fall out of solution; and (3) polymers, 
such as cellulose ethers, which are soluble in a cell 
culture media at temperatures ranging from o-C. to 
30o C . but insoluble in a cell culture media at higher 
temperatures, such as those generally ranging from 
32-C. to 45«C. have also been contemplated. 

These principles were incorporated in a flat 
bed type embodiment 100 of the present invention as 
15 shown in Figures 5 through 9. The external housing 

of flat bed bioreactor 100 is formed by exterior 
faces 110 and 112 of a first base plate 114 and a 
second base plate 116. Figure 6 shows base plate 114 
and us xn more detail. Base plates 114, n 6 are 
20 preferably made of polycarbonate because it is 

transparent and steam sterili za ble . However base 
Plates 114 and 116 could be constructed of any 
suitable plastic or metal. First base plate 114 has 
proxxmal lis and distal 120 ends, and exterior no and 
25 xnterxor faces 122. Second base plate li 6 has 

proximal 124 and distal 126 ends and exterior 112 and 
xnterxor faces 128. First base plate 114 has first 
130 and second 132 fluid inlet means. 

Both fluid inlet means 130, 132 are 
3D preferably located near the proximal end 118 of first 

base plate 114, with second fluid inlet means 132 
located slightly posterior to or below first fluid 
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inlet means 130. Second base plate 116 has first 134 
and second fluid outlet means 136. Both fluid outlet 
means are located near distal end 126 of second base 
plate 116, preferably with second fluid outlet means 
5 136 slightly anterior to or above first fluid outlet 

means 134. Second fluid outlet means 136 and second 
fluid inlet means 132 may be capped with a rubber 
septum or equipped with a short piece of tubing 
terminated in a valve if only periodic harvesting of 
10 cell product is desired. 

Between interior faces 122, 118 of first 
base plate 114 and second base plates 116 are 
alternating cell growth plate(s) 138, selectively 
permeable membranes 142 and nutrient medium plate(s) 
15 140. Bioreactor 100 has at least one cell growth 

media plate 138 as shown more particularly in Figure 
9. Each cell growth plate 138 has at least one 
longitudinal window 144. The length of the cell 
growth plate window(s) 144 is substantially equal to 
20 the distance from second fluid inlet means 132 to 

second fluid outlet means 136 as measured in the 
assembled flat bed bioreactor 100. 

As shown more particularly in Figure 8, 
bioreactor 100 also has at least one nutrient medium 
25 plate 140. Each nutrient medium plate 140 has at 

least one longitudinal window 146. The length of 
nutrient medium plate window(s) 146 is substantially 
equal to the distance from first fluid inlet means 
130 to first fluid outlet means 134 as measured in 
30 the assembled flat bed bioreactor 100. Thus, the 

length of nutrient medium plate window(s) 146 is 
slightly longer than the length of cell plate 
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window(s) 144. Naturally, the length of longitudinal 
windows 144, 146 depends upon the location of first 
and second fluid inlet and outlet means 134, i 36 . 
Thus, it is possible that window 144 may be slightly 
longer than the length of nutrient medium window(s) 
146. in this case the length of the nutrient medium 
window(s) 144 will be substantially equal to the 
distance from the first fluid inlet means 130 to the 
first fluid outlet means 134, as measured in the 
assembled flat bed bioreactor 100, and the length of 
the cell plate window(s) 146 will be substantially 
equal to the distance from the second fluid inlet 
means 132 to the second fluid outlet means 136. 

In the preferred embodiment, at least one 
first medium channel(s) 148 is in flow communication 
with first fluid inlet means 130 and nutrient medium 
Plate window(s) 146. At least one second medium 
channel(s) 150 is in flow communication with nutrient 
medium plate window(s) 146 and first fluid outlet 
means 136. At least one first cell channel(s) 152 is 
m flow communication with second fluid inlet means 
132 and cell growth plate window(s) 144. At least 
one second cell channel(s) 154 is i n flow 
communication with cell growth plate window(s) 144 
and second fluid outlet means 136. Channels 148, 
150, 152, and 154 do not extend through their 
respective plate 138, 140. On first base plate 114 
m flow communication with first and second fluid 
inlet means 130, 132 and channels 148, 152 are 
preferably first and second fluid inlet flow 
manifolds 158, 160. Likewise, first and second fluid 
outlet flow manifolds 162, 164 on second base plate 
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116 are in flow communication with first and second 
fluid outlet means 134, 136 and channels 150, 154, 
Preferably, the bore size of manifolds 160, 164 are 
small to avoid dilution of the product stream as the 
product is withdrawn. 

Selectively permeable membranes 142 as shown 
in Figure 7 and used in flat bed bioreactor 100 of 
this invention are pervious to the passage of 
nutrients and cell waste products from one side of 
membrane 142 to the other, while being substantially 
impervious to the passage of the animal cells and 
desired cell products from one side of membrane 142 
to the other. 

Base plates 114, 116, plates 138, 140 and 
membranes 142 are preferably assembled together in 
the following sandwich-type fashion to form flat 
plate bioreactor 100 of the present invention. 
Exterior faces 110, 112 of first 114 and second base 
plates 116 are positioned with each face outward from 
each other, forming the exterior housing of 
bioreactor 100. Plates 138, 140 and membranes 142 
are sandwiched between base plates 114, 116, so that 
nutrient medium plate(s) 140 alternates with cell, 
growth plate(s) 138, while each membrane 142 
separates each plate from each other plate and from 
interior face 122, 128 of each base plate 114, lie. 
Securing means 156, such as bolts, screws, clamps or 
the like can be used to hold the assembled sandwich 
bioreactor apparatus. 

It is not necessary for operation of 
bioreactor 100 that membrane 142 be placed between 
base plates 114, 116 and medium plate(s) 138, 140. 
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However, when used in this fashion, the membranes 
serve as an effective gasket. In forming the 
sandwich structure of bioreactor 100 the first and 
last plate of the sandwich, excluding base plates 
114, 116, is preferably a nutrient medium plate 140. 
Preferably, a flat bed bioreactor 100 of this 
invention is formed with a plurality of cell growth 
plates 138 and nutrient medium plates 140 and a 
plurality of membranes 142. 

In operation, the chosen cell nutrient media 
is pumped with a peristalic pump, as shown in Figure 
3, from a media reservoir 156 through first fluid 
inlet means 130 and first medium channel(s) 148 to 
nutrient medium plate window(s) 146. A suitable pump 
15 is a variable speed Masterflex Cat. No. 7533-30 with 

size 16 Masterflex silicone tubing from Cole Palmer 
in Chicago, Illinois. Medium continues through 
nutrient medium plate window(s) 146 to second medium 
channel (s) 150 and subsequently out of flat bed 
20 bioreactor 100 through first fluid outlet means 134. 

The cell-matrix precursor suspension is introduced 
through second fluid inlet means 132, through first 
cell channel(s) 152 into cell growth plate window(s) 
144. Second fluid outlet means 13 6 is preferably 
25 capped. 

After the cell-matrix precursor suspension 
is introduced into cell growth plate window(s) 144, 
the cell entrapping, substantially insoluble matrix 
34 is formed in situ. Cells are maintained by the 
3D continuous flow of nutrient medium which crosses 

membrane 142. Toxic cell waste products diffuse 
across membrane 142 to nutrient medium plate 
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window(s) 146, where they are carried out of 
bioreactor 100. Due to their high molecular weights, 
cell products to be harvested do not cross membrane 
142. 

To periodically harvest the cell products, a 
syringe, or other withdrawing means may be inserted 
into second fluid outlet means 136. For continuous 
harvesting, either a pump or a sample flow control 
valve may be employed. Alternatively, fluid may be 
introduced into the cell chamber, displacing the cell 
products to be harvested. 

Alternatively, the principles of the present 
invention can be employed in a hollow fiber 
bioreactor 200 as shown in Figures 11 and 12. A 
suitable hollow fiber assembly is the Amicon PN 5407 
Model DH4 from Amicon, a division of W.R. Grace & Co. 
in Danvers, MA, with the pressure control value and 
filter frits removed. An Amicon H1P30-43 hollow 
fiber membrane assembly was used for this example 
with an upper molecular weight limit of approximately 
30,000. The hollow fibers of this assembly were 
formed of polysulfone, although any suitable membrane 
composition as discussed above may also be 
successfully employed. 

A suitable hollow-fiber assembly 200 has a 
housing 201 having spaced end portions 213a, 213b 
defining a chamber 214 therebetween. Housing 201 has 
a first 202 and second 204 fluid inlet means with 
second fluid inlet means 204 positioned generally 
toward the inside of first fluid inlet means 202. 
Housing 201 also has a first 206 and second 208 fluid 
outlet means, with second fluid outlet means 208 
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positioned generally toward the inside of first fluid 
outlet means 206. While housing 201 is depicted in 
Figures 11 and 12 as being cylindrical, its shape is 
not so limited. Any housing may be successfully 
employed which will house hollow fibers. 

Within housing 201 is at least one 
selectively permeable hollow fiber 210, pervious to 
the passage of nutritents and toxic cell waste 
products while substantially impervious to the 
passage of cells and the desired cell product, 
extending the length of housing 201. Hollow fibers 
210 divides chamber 214 into an intracapillary space 
215 within hollow fiber 210 and an extracapillary 
space 216 outside hollow fiber 210. Intracapillary 
space 215 and extracapillary space 216 communicate 
only through the walls of hollow fiber 210. 
Preferably, intracapillary space 215 provides a cell 
chamber for cells entrapped in the chosen matrix 
while extracapillary space 216 provides a nutrient 
medium, or feed and waste chamber. These roles may 
be reversed, if desired. Preferably, a plurality of 
fxbers would be employed. The interior lumens of 
hollow fibers 210 are in flow communication with 
first fluid inlet means 202 and first fluid outlet 
means 206. Extracapillary space 216 is in flow 
communication with second fluid inlet means 204 and 
second fluid outlet means 208. 

in operation, as shown in Figure 4, nutrient 
medium wouldbe pumped from reservoir 212 through 
second fluid inlet means 204, if extracapillary space 
216 xs to be used as the nutrient medium or feed and 
waste chamber. The medium travels through 



extracapillary space 216 and exits housing 201 
through second fluid outlet means 208. The matrix 
precursor-cell suspension is introduced into hollow 
fibers 210 through first fluid inlet means 202, if 
intracapillary space 215 is to be used as the cell 
chamber. First fluid outlet means 206 is capped with 
a rubber septum or a short piece of tubing terminated 
in a valve. The substantially insoluble, cell-matrix 
subsequently forms in situ within hollow fibers 210. 

Nutrient medium crosses the fibrous membrane 
wall of hollow fiber 210 to feed the entrapped 
cells. Cell waste products and expended medium 
perfuse through the walls of hollow fibers 210 into 
the extracapillary space where they are carried away 
with the medium stream. The desired cell product can 
be harvested continuously or periodically through 
first fluid outlet means 206, 

A multizone bioreactor design could also be 
employ the principles of the present invention. This 
bioreactor configuration would be particularly useful 
where harvesting of more than one cell product is 
desired. In this configuration, the cell products to 
be harvested, P^^ and P 2 , would have significantly 
different molecular weights. For example, cell 
product P 1 would have a molecular weight that is 
significantly greater than that of cell product 
P 2 . As shown in Figures 22 and 23, a multizone 
bioreactor according to the principles of the present 
invention, generally referred to as 300, would 
consist of multiple concentric, selectively permeable 
hollow fibers M , M , and M of different pore 
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sizes sealed in a housing 301 having spaced end 
portions and defining a chamber therebetween. 

As depicted in Figure 22, within the housing 
chamber of multizone bioreactor 300 would be a first 
5 selectively permeable hollow fiber which would 

be preferably previous to the passage of nutrients, 
toxic cell waste products and cell products P and 
P 2 , while substantially imprevious to the passage 
of cells. Within the intracapillary space of first 
10 hollow fiber M 1 is a first zone Z ± . a second 

selectively permeable hollow fiber M., would be 
concentric to said first hollow fiber M Second 
hollow fiber M 2 would preferably be substantially 
pervious to the passage of nutrients and cell waste 
15 products while impervious to at least one cell 

product P x - Second hollow fiber M 2 creates 

a second zone Z 2 within the intracapillary space 
intermediate first hollow fiber M and second 
hollow fiber M 2 . 

20 A fchird selectively permeable hollow fiber 

M 3 would be concentric to second hollow fiber 
M 2 . Third hollow fiber M 3 would preferably be 
substantially pervious to the passage of nutrients 
and cell waste products while impervious to the 

25 passage of all desired cell products, here, P and 

V Third hollow fiber M 3 creates two additional 
zones: a third 'zone Z 3 is created in the 
intracapillary space intermediate second hollow fiber 
M 2 and third hollow fiber M 3 while a fourth zone 

30 Z 4 is cr eated within the extracapillary space 

intermediate third hollow fiber M_ and housing 
301. J 
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With this configuration, first hollow fiber 

M 1# second hollow fiber M 2 and third hollow fiber 

M 3 would allow nutrients and cell waste products to 

cross from zone to zone Z 4 and from zone Z 4 

to zone Zj. However, cell product would be 

contained within zone Z 2 . Cell product P 2 , on 

the other hand, would be able to freely diffuse 

through second hollow fiber M 2 into zone Z 3 . The 

pore size of third hollow fiber Mg , however, would 

prevent cell product P 2 from diffusing into zone 

Z . It should be understood, however, that greater 
4 * 

than or'" less than four zones may be possible, 
depending upon the number of cell products to be 
harvested and the desired concentration. The 
embodiment shown in Figures 22 and 23 is not intended 
to be a definitive representation of a multizone 

bioreactor . 

A suitable, commercially available 
concentric hollow fiber bioreactor for use with the 
present invention is available from Setec, Inc. of 
Livermore, California under the trademark 
TRICENTRIC®. The hollow fibers of this assembly are 
formed of polypropylene, although any suitable 
membrane composition discussed above may also be 
successfully employed. 

In operation, a suitable matrix precursor/ 
cell solution would be introduced into zone Z 1 
through valve means V^, which would be in flow 
communication with zone Z ±f where the suspension 
subsequently contracts to form a generally dense, 
insoluble cell - biocompatible matrix 302. Matrix 
302, and cell products, can be removed through valve 
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means V 1 which is also in flow communication with 
zone Z^ With matrix 302, cells can be maintained 
in vitro for a very long period of time. 

Nutrient media is passed by means of valve 
means V 3 and v 3 • through zone Z^ Valve means 
V 3 and'V 3 * are in flow communication with zone 
Z 4- The low molecular weight nutrients freely 
diffuse through hollow fibers M^, M 2 and M 3 to 
maintain the cells residing in zone Z ± . Similarly, 
low molecular weight cell waste products and 
inhibitory metabolites are able to diffuse through 
the series of concentric hollow fibers into zone 
z 4 - The media stream in zone Z 4 carries away 
expended nutrient medium and cell waste products from 
15 the assembly. 

The residence times of cell products P 
and P 2 are controlled by the operator. These 
products can be harvested either continuously or 
intermittently through valve means in flow 
communication with the desired zone. As depicted in 
Figure 22, the cell product stream from zone Z 
would contain both cell products P ± and P 
whereas that of zone Z 3 would contain only cell 
product P 2 . Cell product P 2 could be readily 
removed from zone Z 3 through use of valve means 
v 2 and V 2 • . 

If a relatively pure stream of P x was 
desired, on the other hand, valve means V ± • , V 
and V 2 ' could be opened and valve means v , v 
and V 3 ' closed while nutrient medium is pumped into 
zone Z ± through valve means m this manner, 

nutrient medium would be forced to diffuse through 
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second hollow fiber M 2 , carrying residual cell 
product P 2 with it, and out of the assembly through 
valve means V 2 . Since cell product cannot 
pass through hollow fiber M 2 , in this 
configuration, cell product would remain in zone 
Z 2 and could be subsequently harvested. This 
method would result in some dilution of cell product 
P 2 but the stream of cell product P 2 would still 
be several times more concentrated than if the cells 
were grown in conventional bioreactor systems. 

Other designs may also be employed. The 
essential design feature of a bioreactor apparatus of 
the present invention is the use of two .chambers to 
achieve at least three distinct zones within the 
bioreactor by incorporating an in situ forming matrix. 

A bioreactor apparatus using the principles 
of the present invention provides high oxygen 
transfer to the entrapped cells to maintain cell 
viability within the bioreactor with a low shear 
flow. Moreover, because of the concentrated cell 
product that is withdrawn, cell product recovery 
costs are reduced. Indeed, in many cases a 
substantially cell free cell product is achieved. A 
bioreactor apparatus according to the principles of 
the present invention may also be used to harvest 
nonsurface dependent cells such as AFP-27. These 
cells eventually slough off the matrix due to cell 
multiplication and can be harvested along with the 
desired cell product. 

Our results further demonstrate that rapid 
start-up of this bioreactor apparatus is possible as 
well as step changes from serum containing medium to 
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serum free medium and in many cases even protein free 
medium as shown in Example 6. A "step change" means 
to change instantaneously rather than gradually. in 
the context of this application, step change refers 
to the removal of medium containing serum entirely 
and the subsequent replacement with serum free 
medium. As shown by the triangles in Figure 20, 
after serum free medium is introduced into the 
bioreactor in a step change fashion, rather than a 
gradual or prolonged transition period, the cells 
remain viable. Triangle 2 indicates that time when 
serum free medium was introduced into the system. 
The rapid change to a serum free medium did not 
result in a decreased glucose consumption rate or 
15 cell death as usually occurs in other devices. By 

allowing for the rapid introduction of serum free 
medium, the bioreactor apparatus of the present 
invention can be set up and operated quickly and 
efficiently. 

20 The following examples will more fully 

illustrate how animal cells and their genetically 
altered derivatives can be cast into a substantially 
insoluble biocompatible matrix. The resulting 
cellular response in these systems is also 
25 described. 

EXAMPLE 1 : 293 Cells in a Cnll aoen M*J-rW 

In a laminar flow HEPA filtered hood, two 
sterile 15 ml. screw-cap tubes. Tube A and Tube B, 
were prepared for use. To tube A, 1.75 ml. of 
modified Dulbecco's Modification of Eagles medium 
(DME) was added. This medium had previously been 
prepared to twice the normal concentration and which 
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included 10% fetal bovine serum (FBS) ; 300 pg/ml 
geneticen, 200 pg/ml hygromycin B, and 2pg/ml 
Vitamin K. The resulting medium mixture was 
sterilized by filtration. 0.10 ml. of steam 
sterilized 0.1N NaOH was added to Tube A. 1.0 ml of 
sterile VITRO GEN 100™ was added to Tube B. Both 
tubes were sealed and placed in an ice water bath to 
cool the solutions to generally less than 4°C. 

Genetically engineered human kidney 
epithelial cells ("293 cells") were used for this 
example. The base cells are publicly available under 
Deposit No. CRL 1573 at the ATCC in Rockville, 
Maryland. Using standard and well known techniques, 
these cells can be genetically manipulated so that 
the cells produce Protein C, a natural anticoagulant 
protein, S.e.e e.g. , Lawrence H. Clouse, and Philip C. 
Comp . , The Regulation of Hemostasis: The Protein C 
System, 314(20) The New England Journal of Medicine 
1298 (May 15, 1986); P.C Comp, and L.H. Clouse, 

Plasma Proteins C aqfl S: The Function and Assay of 

Two Natural Anticoagulant? , Laboratory Management, 
pp. 29-32 (December 1985). 

The 293 cells were grown to confluence in a 

2 

75 cm tissue culture flask in a solution of DME, 
which included 5% FBS; 300 jjg/ml geneticin; 200 
pg/ml hygromycin B; and 2 ng/ml vitamin K ( " DME + 
Ab solution") according to standard tissue culture 
techniques. See , 3,.g. , R . Ian Freshney, Alan R. Liss, 
Culture of Animal Cells, A Manual of Basic Technique . 
(1983). Using aseptic techniques, the medium was 
removed from the flask and the cells were gently 
washed with 5.0 ml. of phosphate buffered saline 
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(PBS) solution to remove residual serum. The PBS 
solution contained 8 g/1 sodium chloride, 0.2 g/1 
potassium chloride, 2.0 g/1 sodium phosphate dibasic 
and 0.40 g/1 potassium phosphate monobasic. The PBS 
solution was then removed. 

1.0 ml. of a 0.25% Trypsin solution in PBS 
was subsequently added. The cells and solution were 
incubated for 5 minutes at 37°C. After the 
incubation period, a solution of DME + Ab was added 
to inactivate the trypsin. Cells were sloughed off 
the surface and suspended in the added medium. 

Again using aseptic techniques, the contents 
of Tube A were added to the contents of Tube B. 
immediately following this addition step, 0.9 ml. of 
the cell suspension (6.15 x 10 7 total cells) was 
added to Tube B. The contents of Tube B were then 
mixed well by inverting the tube several times. The 
resulting mixture was poured into a 34 mm tissue 
culture dish and incubated at 37°C to form a 
substantially insoluble cell-biocompatible matrix. 
The amount of matrix contraction was measured daily 
using the methods described in Bell et al, 
" Production of a Ti ssue-I.-i ie» si-^ turg h v r nn w a .M. n 
Of Collagen Lattices hv w„ ma n Fi.hmhi af ; t . ~<= 
Different Proliferative PnfPn^ a 1 , Tn vi< - ro .. Proc 
Natl. Acad. S: USA, Vol. 76, No. 3 pp. 1274-1278 
(March 1979) . 

3.0 ml of the liquid medium was removed and 
replaced daily without disturbing the cell laden 
matrix. Glucose concentration was measured in the 
removed medium using a Sigma Diagnostic Glucose HK 
hexokinase enzymatic assay available from Sigma - 
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Aldrich Co, in St. Louis, Missouri. Using standard 
EL ISA assay techniques, the concentration of Protein 
C was also determined- 
Figure 13 shows the rate of matrix 

5 contraction by comparing the gel diameter against 

time. After an initially high rate of contraction, 
the diameter of the cell matrix was generally 
stable. Figure 14 represents the concentration of 
Protein C that was contained in the spent medium. 

10 The glucose uptake curve of Figure 15 verifies the 

continued viability of the cells after being 
incorporated in the polymer matrix. 

EXAMPLE 2: 293 Cells in a Collagen - Chifcnsa n Matrix 
For this experiment the procedure of Example 

15 1 was used except that Tube B further included 0.5 ml 

of a 2% aqueous solution of chitosan prepared by 
dissolving Ultrapure Chitosan (Protan Labs, Lot 
No. PTL-173) in distilled water, steam sterilized at 
121°C for 30 minutes and then adjusted to pH 4 . In 

20 the resulting solution the collagen concentration was 

reduced to 0.1% mg/ml. Using this mixture in Tube B 
a chitosan-collagen-cell matrix was created. 
Figure 14 demonstrates the successful production of 
Protein C over a prolonged period of time when the 

25 cells were incorporated in the biocompatible matrix. 

As shown in Figure 15, the cells continued to consume 

glucose while entrapped in this matrix. 

EXAMPLE 3: Chinese Hamster Ovarv Cell s in a Collagen 

30 The protocol of Example 1 was modified to 

test the cell growth and contraction of Chinese 
Hamster Ovary Cells (CHO) in a collagen matrix. In 
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this example Tube A held 1.05 ml. of a double 
concentration of DME, containing 10% by volume FBS; 
■ 200 units/ml penicillin G; 200 ug/ml streptomycin; 
and 0.06 ml. of 0.1 N Sodium hydroxide. 

The CHO cells were prepared for use 
according to standard and well known techniques, e.g. 
V.B. Himes and W.S. Hu, Afct-sr-Wpt ; an ri r, r ™*-* ~* 
Mammalian CellR on Micror.arriRrs w ith niff eren h Ton 
Exchange Capacities , supra . The cells were 
subsequently suspended in a DME solution having 5% by 
volume FBS. 37.5 ml of a hamster cell suspension (7 
x 10 cells/ml) was centrifuged. " Medium was 
removed until only 3 ml of medium remained, 
increasing the hamster cell concentration to 8.75 x 
15 10 6 cells/ml. 

1.5 ml of the CHO cell suspension (1.31 x 
10 total cells) was added to the mixed contents of 
Tubes A and B. The mixture was then poured into a 
petridish as explained in Example 1. However, rather 
20 than incubating the petridish, the dish was floated 

on a 37 »C water bath. In this way, the contents were 
rapidly warmed and f ibrillogenesis of the collagen 
was forced to occur before the cells settled. After 
the substantially insoluble cell matrix formed, 5.0 
25 ml of DME with 5% FBS and 100 units/ml Penicillin G 

and lOOug/ml Streptomycin was gently added to the. 
surface of the cell matrix gel. Approximately 7.0 ml 
of medium was changed on a daily basis. 

Figures 13 and 16 illustrate the rapid 
contraction of the cell-collagen mixture as the 
generally dense cell-collagen matrix was formed. The 
hamster cells also were successfully maintained in 



30 



this biocompatible matrix as shown by the glucose 

uptake curve of Figure 17. 

EXAMPLE 4: AFP- 2 7 Hvbridoma 

Cells in a Collagen Matrix 
Following the general protocol of Example 1, 
the following modifications were made to examine 
AFP-27 hybridoma cells ("AFP-27 cells") in a collagen 
matrix. AFP-27 cells produce IgG antibody to alpha 
fetal protein. These cells were obtained from 
Dr. Robert L. Vessella at the V.A. Medical Center in 
Minneapolis , Minnesota . 

The solution of Tube A included 1 ml. of a 
double concentrated DME solution having 20% by volume 
horse serum; 200 units/ml. Penicillin G; 200 pg/ml 
Streptomycin; and 0.12 ml. of 0.1 N NaOH. Using the 
cell concentration technique set forth in Example 3, 
30.8 ml of the AFP cell suspension (1.00 x 10 6 
cells/ml) was concentrated to 1.03 x 10 7 cells/ml. 

After Tube A and Tube B were mixed, 1.5 ml 
of the AFP cell suspension (1.54 x 10 7 total cells) 
was added to the mixture. The total mixture was 
poured into a petridish and floated in a 37°C water 
bath as done in Example 3. After the collagen matrix 
formed, 4 ml of DME containing 10% horse serum, 100 
units/ml Penicillin G and 100 pg/ml Streptomycin was 
added to the dis>. Approximately 8.0 ml of medium 
was changed dainjy. 

Figures 13 and 18 depict the formation of 
the substantially insoluble cell-collagen matrix over 
time. Figure 13 further compares the relative 
densities of the matrices formed in Examples 1, 3 and 
4. The matrix oS Example 3 was found to have the 

♦ ii 



WO 89/11529 



PCT/US89/02228 



- 30 - 



10 



least diameter. The matrix of Example 4 had the 
largest diameter. Figure 19 demonstrates that this 
cell type can be maintained in this matrix 
environment over a sustained time period without loss 
of cell viability as evidenced by the continuous 
glucose uptake by the entrapped cells. 
EXAMPLE 5 ; 293 cells in a Plhn'n MiH-Ht 

A solution of fibrinogen in a serum free 
medium was prepared by adding 0.075 g of bovine 
fibrinogen (Cat. No. F-4753 from Sigma Chemical Co. 
of St. Louis, Missouri) to 15.0 ml of a modified 
DME/F12 solution. This modified DME/F12 solution was 
made by mixing three parts of DME with 1 part Ham's 
F12 nutrient mixture (Gibco P.N. 430-1700), followed 
15 by addition of 300 ug/ml geneticin, 200 ug/ml 

hygromycin B and 1 ug/ml of Vitamin K (1 pg/ml) . 
After the fibrinogen solution was mixed for 1 hour, 
the solution was decanted to remove any undissolved 
fibrinogen. The solution was then filter 
20 sterilized. A 1 unit/ml solution of thrombin was 

prepared by consecutive dilution of Thrombostat- in 
PBS. Thrombostat™ is commercially available from 
Parke Davis in Morris Plains, New Jersey. 

2.0 ml of the fibrinogen solution was added 
25 to Tube A. 0.2 ml of the thrombrin solution was added 

to Tube B. The tubes were sealed and chilled in ice 
water. 

Using the cell suspension employed in 
Example 1, 0 . 9 ml of the cell suspension was added to 
30 Tube A and mixed. The contents of Tube B was then 

added to Tube A. The resulting mixture was 
immediately poured into a 34 mm diameter tissue 



culture petriplate. The plate was covered and 
incubated at 37°C for 30 minutes. After incubation, 
3.0 ml of the DME/F12 solution was added to the 
petriplate. Using these techniques, a fibrin - cell 
matrix was successfully formed, entrapping most of 
the cells, although the matrix was subsequently- 
degraded by fibrin degrading enzymes produced by the 
293 cells. However, fibrin can still be used with a 
variety of cell types that do not produce similar 
hemolytic or degrading factors, such as AFP-27 
hybridoma . 

These examples demonstrate how a variety of 
cells can be incorporated and maintained in a 
biocompatible, substantially insoluble matrix. Using 
this matrix entrapping technique, the desired cell 
products can be harvested without disturbing the 
cells allowing for a continued high concentration of 
cell product. The substantially insoluble matrix 
also allows for the continuous secretion of cell 
product over time without interfering with cell 
viability. The following example uses a matrix 
formed in situ in a flat bed embodiment of a 
bioreactor apparatus of the present invention. 
EXAMPLE 6: 293 Cells in a Collagen S upported 
Bioreactor Apparatus 

Using flat bed reactor 100, which had been 
previously assembled and steam sterilized the 
following experiment was performed, again using most 
of the techniques described more fully in Examples 1 
through 5. The contents of Tube A included 7.2 ml of 
twice concentrated DME solution, 10% by volume FBS 
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and 0.48 ml 0.1 N NaOH. Tube B held 5.4 ml of 
VITROGEN 100™. 

293 cells were trypsinized as discussed in 
Example 1. The resulting cell suspension had a 
concentration of 5.20 x 10 6 cells/ml. Using 
aseptic techniques, the contents of Tube A was added 
to Tube B, and mixed well. Immediately thereafter, 
the cell suspension was added to Tube B to form the 
matrix precursor-cell suspension. The matrix 
precursor-cell suspension was then quickly injected 
through second fluid inlet means 132 and into cell 
growth plate window(s) 144. 

Medium reservoir 156 was filled with 300 ml 
of DME containing 5% by volume FBS, 3 00 jig/ml 
15 geneticin, 200 pg/ml hydrogroraycin B and 1 pg/ml 

Vitamin K. Medium was pumped from reservoir 156 
through bioreactor 100. The whole apparatus was 
placed in a room having a temperature of 
approximately 37-C. Samples were taken daily from 
cell growth plate window 144 through a W T" valve in 
flow communication with second fluid outlet means 
136, in order to analyze pH, glucose and cell product 
concentration. Cells have been maintained 
successfully in this apparatus for 90 days with a 
2^ continual production of Protein C. 

Example 7: 293 Cells in QqJJ *T en Sup port 

HollOW Fiber R^rhnr 

Using the hollow fiber bioreactor apparatus 
200, the following experiment was conducted, again 
using the techniques described in Examples 1 through 
5. To sterile Tube A a 7.0 ml solution was added 
consisting of twice concentrated DME, containing 10% 
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by volume FBS, 600 ng/ml geneticin, 400 \xg/ml 
hygromycin B, 2 ng/ml Vitamin K plus 0.4 ml of 0.1 N 
NaOH. Tube B contained 7.0 ml of VITROGEN 100™. The 
tubes were then placed in an ice water bath. 

Hollow fiber assembly 200 was flushed with 5 
1. of distilled water and sterilized by immersion in 
distilled water with steam sterilization for 30 
minutes at approximately 121°C. Reservoir 212 , and 
all other units of the reactor were also steam 
sterilized. Following sterilization, the entire 
assembly was cooled to 4°C. and assembled aseptically 
in a laminar flow hood. 

293 cells were trypsinized as discussed in 
Example 1, resulting with 5.25 ml of a cell 
suspension having a concentration of 1.47 x 10 
cells/ml. Using aseptic techniques, the contents of 
Tube A were added to Tube B and mixed well. The 
resulting mixture was then immediately combined with 
the 293 cell suspension to form the cell-matrix 
precursor mixture. This cell-matrix precursor 
mixture was introduced into hollow fibers 210 through 
first fluid inlet means 202. 

Reservoir 212 was filled with 300 ml of DME 
containing 5% FBS, 300 pg/ml geneticin 200 fig/ml 
hygromycin B and l>ig/ml Vitamin K. 

Hydroxyethylpiperazine ethylsulf onic acid (HEPES) (8 
g/1) was also added to the medium reservoir in place 
of sodium bicarbonate. Medium was pumped from 
reservoir 212 through second fluid inlet means 204, 
extracapillary space 216 and second fluid outlet 
means 208. Small samples were taken daily from first 
fluid inlet means 202 and analyzed for pH, glucose 
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and Protein C concentration. Small aliquots of IN 
NaOH were added periodically to maintain the pH in 
• the range of 7.0 - 7.4. Using this system, the cells 
were successfully maintained for 50 days. Cell 
product was continually collected over this time 
5 period. 

While many specific embodiments have been 
shown and described in detail to illustrate the 
application of the principles of this invention, it 
will be understood by those skilled in the art that 

10 the invention may be embodied otherwise without 

departing from such principles. For example, while 
the hollow fiber assembly was described using a 
conventional nutrient medium flow traveling along the 
length of the hollow fibers in the extracapillary 

15 space, a crossflow system may also be used such that 

nutrient medium would flow generally perpendicular to 
the hollow fibers. Indeed, a crossflow system may 
provide a higher oxygen transfer to a greater 
proportion of entrapped cells. 
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What; Is Claimed Ig; 

1. A new bioreactor apparatus for 
retaining animal cells and genetically altered 
derivatives thereof in vitro over a sustained period 
of time for continuous production of a desired cell 
product comprising: 

(a) means for housing said apparatus having 
a proximal end and a distal end; 

(b) at least one selectively permeable 
membrane within said housing means extending from 
said proximal to said distal end of said housing 
means, said membrane dividing the interior of 
said housing means into a cell chamber and a feed 
and waste chamber, said membrane selectively 
allowing nutrients and cell waste products to 
cross between said chambers but retaining the 
desired cell product within the cell chamber; 

(c) a substantially insoluble, 
biocompatible matrix means formed in situ in said 
cell chamber for entrapping said cells; 

(d) means communicating with said feed and 
waste chamber for supplying nutrient medium for 
maintaining said cells and for withdrawing 
expended nutrient medium and cell waste 
products. 

2. The apparatus of claim 1 further 
comprising means in flow communication with said cell 
chamber for withdrawing the desired cell product. 
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3. The apparatus of claim 1 further 
comprising means in flow communication with said cell 
chamber for introducing a matrix precursor-cell 
suspension into said cell chamber, 

4. The apparatus of claim 1 further 
comprising a second selectively permeable membrane 
extending from said proximal to said distal end of 
said housing means forming a second feed and waste 
chamber with said cell chamber intermediate to said 
first and second feed and waste chambers. 

5. The apparatus of claim 4 further 
comprising a plurality of selectively permeable 
membranes extending from said proximal to said distal 
end of said housing means forming a plurality of said 
feed and waste chambers and a plurality of said cell 
chambers such that said feed and waste chambers and 
said cell chambers alternate within said housing 
means . 

6. The apparatus of claim 3 wherein said 
matrix means has contracted in situ to generally less 
than 90% of original volume occupied by the matrix 
precursor cell suspension within said cell chamber. 

7. The apparatus of claim 3 wherein said 
matrix means has contracted in situ to generally less 
than 75% of original volume occupied by the matrix 
precursor-cell suspension within said cell chamber. 
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8. The apparatus of claim 3 wherein said 
matrix means has contracted in situ to generally less 
than 50% of original volume occupied within said cell 
chamber by the matrix precursor-cell suspension. 

9. The apparatus of claim 3 wherein said 
matrix means has contracted in situ to generally less 
than 33% of original volume occupied within said cell 
chamber by the matrix precursor-cell suspension. 



10. The apparatus of claim 1 wherein said 
membrane comprises a membrane composed of a cellulose 
derivative . 

11. The apparatus of claim 1 wherein said 
membrane is polysulfone. 

12. The apparatus of claim 1 wherein said 
matrix means comprises teleopeptide native collagen, 
ateleopeptide native collagen or derivatives 
thereof. 

13. The apparatus of claim 1 wherein said 
matrix means comprises chitosan or derivatives 
thereof . 

14. The apparatus of claim 1 wherein said 
matrix means is formed from a collagen-chitosan 
mixture . 



matrix 



15 . 
means 



The apparatus of claim 1 wherein said 
is formed from fibrin. 
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16. The apparatus of claim 1 wherein said 
matrix means is formed from a polyamine which is 
soluble in cell culture medium at pH values ranging 
generally from 2 to 5.5 and is at least partially 
insoluble in cell culture medium at pH values ranging 
generally from 6.8 to 7.4. 

17. The apparatus of claim 1 wherein said 
matrix means is formed from a mixture of polyanionic 
polymers and polycationic polymers. 

18. The bioreactor apparatus of claim 1 
wherein said matrix means is formed from a polymer 
that is soluble in cell culture medium at 
temperatures generally ranging from 0°C. to 30°C. and 
insoluble in cell culture medium at temperatures 
ranging generally from 32°C. to 45°C. 

19. A method for maintaining animal cells 
and genetically altered derivatives thereof in vitro 
over a sustained period of time for continuous 
production of a desired cell product comprising the 
steps of: 

(a) entrapping said animal cells in a 
substantially insoluble, biocompatible matrix 
means within a cell cell chamber; 

(b) supplying nutrient medium for said 
cells by passing nutrient through an inlet means 
leading to a feed and waste chamber, said feed 
and waste chamber separated from said cell 
chamber by a selectively permeable membrane, and 
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perfusing said nutrient medium through said 
membrane into said cell chamber; and 

(c) withdrawing expended nutrient medium 
and cell waste products which have traveled from 
said cell chamber to said feed and waste chamber 
through said permeable membrane from the feed and 
waste chamber through an outlet means. 

20- The method of claim 19 further 
comprising the step of withdrawing the desired cell 
product from said cell chamber through a second 
outlet means in flow communication with said cell 
chamber . 

21. The method of claim 19 wherein said 
matrix means comprises teleopeptide native collagen, 
ateleopeptide native collagen, or derivatives thereof. 

22. The method of claim 19 wherein said 
membrane is a processed cellulose derivative. 

23. The method of claim 19 wherein said 
membrane is polysulfone. 

24. The method of claim 19 wherein said 
matrix means is formed from a collagen-chitosan 
mixture. 

25. The method of claim 19 wherein said 
matrix means is formed from fibrin. 
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26. The method of claim 19 wherein said 
membrane comprises polysulfone. 

27. The method of claim 19 wherein said 
selectively permeable membrane allows the passage- of 
compounds having a molecular weight generally below 
12,000. 

28. The method of claim 19 wherein said 
selectively permeable membrane allows the passage of 
compounds having a molecular weight generally below 
30,000. 

29. The method of claim 19 wherein said 
selectively permeable membrane allows the passage of 
compounds having a molecular weight generally below 
100,000. 

30. The method of claim 19 further 
comprising the step of introducing a cell-matrix 
precursor suspension into said cell chamber. 

31. The method of claim 19 wherein said 
cells are Chinese Hamster Ovary cells. 

32. The method of claim 19 wherein serum 
free medium is {introduced into said cell chamber with 
no substantial decrease in glucose consumption rate 
by said cells . ' 



33. The method of claim 19 wherein said 
cells are AFP-27, hybridoma cells. 
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34. The method of claim 19 wherein the 
addition of protein free cell culture medium into 
said cell chamber causes no decrease in the glucose 
consumption rate of said cells* 

35. A bioreactor apparatus for maintaining 
animal cells and genetically altered derivatives 
thereof in vitro over a sustained period of time for 
continuous production of desired cell product which 
comprises : 

(a) a housing having a first and a second 
base plate, the first base plate having first and 
second fluid inlet means, and the second base 
plate having first and second fluid outlet means; 

(b) at least one cell growth plate having 
longitudinal windows extending substantially the 
distance from the second fluid inlet means to the 
second fluid outlet means; 

(c) at least one nutrient medium plate 
having windows extending substantially the 
distance from the first fluid inlet means to the 
first fluid outlet means; 

(d) at least one selectively permeable 
biocompatible membrane pervious to the passage of 
nutrients and cell waste products while 
substantially impervious to the passage of said 
animal cells, derivatives thereof and desired 
cell product; 

the base plates, growth plate, medium plate and 
membrane assembled together, such that each growth 
plate alternates with each nutrient medium plate, 
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with a membrane separating each medium plate from 
each growth plate; 

thereby each growth plate forms, with the 
adjacent membrane, a cell chamber in flow 
communication between the second fluid inlet means 
and the second fluid flow outlet means, and thereby 
each nutrient medium plate forms, with the adjacent 
membrane, a nutrient chamber in flow communication 
between the first fluid inlet means and the first 
fluid outlet means. 

36. A bioreactor according to claim 35, 
wherein the animal cells in each cell chamber are 
entrapped by a substantially insoluble, biocompatible 
matrix means formed in situ in said cell chamber. 

37. A bioreactor according to claim 35, 
further comprising first and second fluid flow inlet 
manifolds on the first base plate, and first and 
second fluid flow outlet manifolds on said second 
base plate. 

38. A bioreactor according to claim 36, 
wherein the base plates, media plates and membranes 
are secured together by fittings to provide a fluid 
tight bioreactor capable of aseptic operation. 

39. A bioreactor according to claim 36, 
wherein the selectively permeable membranes are 
cellulose derived substantially pervious to the 
passage of compounds up to a molecular weight 
generally ranging from 12,000 to 14,000. 
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40, A bioreactor according to claim 36, 
wherein said matrix means is formed from collagen, 
collagen-chitosan mixture; fibrin; a polyamine which 
is soluble in cell culture medium at pH values 
generally ranging from 2 to 5.5 and is at least 
partially insoluble in cell culture medium at pH 
values generally ranging from 6.8 to 7.4; a mixture 
of polyanionic polymers and polycationic polymers; or 
a polymer that is soluble in cell culture medium at 
temperatures ranging generally from 0°C to 30°C and 
at least partially insoluble in cell culture medium 
at temperatures ranging generally from 37°C to 45°C. 

41. A hollow fiber bioreactor apparatus for 
maintaining animal cells or their genetically altered 
derivatives in vitro over a sustained period of time 
for continuous production of desired cell product 
comprising : 

(a) housing means having spaced end 
portions and defining a chamber therebetween; 

(b) at least one selectively permeable 
hollow fiber substantially pervious to the 
passage of nutrients and cell waste products 
while impervious to the passage of said animal 
cells and desired cell products, said chamber 
being divided by the walls of said hollow fibers 
into an intracapillary space within said hollow 
fibers and an extracapillary space outside said 
hollow fibers, said intracapillary space and said 
extracapillary space communicating with each 
other only through the walls of said hollow fiber; 
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(c) a substantially insoluble, 
biocompatible matrix means formed in situ within 
said intracapillary space for entrapping said 
cells; 

(d) means in flow communication with said 
intracapillary space for introducing said cells 
in admixture with a matrix precursor and for 
withdrawing the desired cell product; and 

(e) means in flow communication with said 
extracapillary space for introducing nutrient 
medium for maintaining said cells and withdrawing 
expended nutrient medium and cell waste products 
from said extracapillary space, 

42. The bioreactor apparatus according to 
claim 41, further comprising a plurality of 
selectively permeable hollow fibers. 

43. The bioreactor apparatus according to 
claim 42, wherein the selectively permeable hollow 
fibers are of polysulfone. 

44. The bioreactor according to claim 41, 
wherein the matrix means is formed from collagen; a 
collagen-chitosan mixture; fibrin; a polyamine which 
is soluble in cell culture meduium at pH values 
ranging generally from 2 to 5.5 and is at least 
partially insoluble in cell culture medium at pH 
values generally ranging from 6.8 to 7.4; a mixture 
of polyanionic polymers and polycationic polymers; or 
a polymer that is soluble in cell culture medium at 
temperatures generally from 0°C. to 30°C. and at 
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least partially insoluble in cell culture medium 
temperatures ranging generally from 32°C to 45°C. 

45. A method of forming a substantially 
insoluble biocompatible matrix means for entrapping 
animal cells or genetically altered derivatives 
thereof in vitro comprising the steps of suspending 
said cells in a matrix precursor means solution; and 
intiating formation of said matrix means. 

46. The method of claim 45 wherein said 
initiating step involves increasing the temperature 
of the cell-matrix precursor means suspension to a 
range. generally from 32°C to 45°C. 

47. The method of claim 45 wherein said 
initiating step involves increasing the pH value of 
the cell-matrix precursor suspension to a range 
generally from 6.8 to 7.4. 

48. The method of claim 47 wherein said 
initiating step further involves simultaneously 
increasing the temperature of the cell-matrix 
precursor suspension to a range generally from 32°C 
to 45°C. 

49. A hollow fiber bioreactor apparatus for 
maintaining animal cells and genetically altered 
derivatives thereof in vitro over a sustained period 
of time for continuous production of a desired cell 
product which comprises: 
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(a) housing means having spaced end 
portions and defining a chamber therebetween; 

(b) a first selectively permeable 
hollow fiber residing within said chamber, 
said first hollow fiber being substantially 
pervious to the passage of nutrients and 
cell waste products while impervious to the 
passage of said animal cells and at least 
one desired cell product; 

(c) a second selectively permeable 
hollow fiber concentric to said first hollow 
fiber/ said second hollow fiber being 
substantially pervious to the passage of 
nutrients and cell waste products of said 
animal cells while impervious to the passage 
of all desired cell products, said chamber 
is divided by said first and second fibers 
into three zones, a first zone within the 
intracapillary space of said first hollow 
fiber, a second zone within the 
intracapillary space intermediate said first 
hollow fiber and said second hollow fiber, 
and a third zone within the extracapillary 
space intermediate said second hollow fiber 
and said housing; 

(d) a substantially insoluble, 
biocompatible matrix means formed in situ 
within said first zone for entrapping said 
cells ; 

(e) means in flow communication with 
said first zone for introducing said cells 
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in admixture with a matrix precursor and for 
withdrawing a desired cell product; 

(f) means in flow communication with 
said second zone for withdrawing a desired 
cell product; and 

(g) means in flow communication with 
said third zone for introducing nutrient 
medium for maintaining said cells and 
withdrawing expended nutrient medium and 
cell waste products from said third zone. 

50. A hollow fiber bioreactor apparatus for 
maintaining animal cells and genetically altered 
derivatives thereof in vitro over a sustained period 
of time for continuous production of a desired cell 
product which comprises: 

(a) housing means having spaced end 
portions and defining a chamber therebetween; 

(b) a first selectively permeable 
hollow fiber residing within said chamber, 
said first hollow fiber being substantially 
pervious to the passage of nutrients, cell 
waste products and all desired cell products 
while impervious to the passage of said 
animal cells; 

(c) a second selectively permeable 
hollow fiber concentric to said first hollow 
fiber, said second hollow fiber being 
substantially pervious to the passage of 
nutrients and cell waste products of said 
animal cells while impervious to at least 
one desired cell product; 
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(d) a third selectively permeable 
hollow fiber concentric to said second 
hollow fiber, said third hollow fiber being 
substantially pervious to the passage of 
nutrients and cell waste products while 
impervious to at least one desired cell 
product, _said chamber being divided by said 
firsts second and third hollow fibers into 
four zones, a first zone within the 
intracapillary space of said first hollow 
fiber, a second zone within the 
intracapillary space intermediate said first 
hollow fiber and said second hollow fiber, a 
third zone within the intracapillary space 
intermediate said third hollow fiber and 
said second hollow fiber and a fourth zone 
within the extracapillary space intermediate 
said third hollow fiber and said housing; 

(e) a substantially insoluble, 
biocompatible matrix means formed in situ 
within said first zone for entrapping said 
cells ; 

(f) means in flow communication with 
said first zone for introducing said cells 
in admixture with a matrix precursor and for 
withdrawing a desired cell product; 

(g) means in flow communiction with 
said third zone for withdrawing a desired 
cell product; and 

(h) means in flow communication with 
said fourth zone for introducing nutrient 
medium for maintaining said cells and 
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withdrawing expended nutrient medium and 
cell waste products from said fourth zone, 

51. The bioreactor apparatus of claim 50 
further comprising: a plurality of concentric, 
selectively permeable hollow fibers within said 
chamber, each of said fibers being substantially 
pervious to the passage of nutrients, cell waste 
products and the concentric hollow fiber nearest the 
housing being impervious to all desired cell products. 

52. The hollow fiber bioreactor apparatus 
of claim 50 further comprising: means in flow 
communication with said third zone for withdrawing a 
desired cell product. 

53. The hollow fiber bioreactor apparatus 
of claim 49 wherein the selectively permeable hollow 
fibers are of polypropylene. 

54. The hollow fiber bioreactor apparatus 
of claim 51 wherein the selectively permeable hollow 
fibers are of polypropylene. 

55. The hollow fiber bioreactor apparatus 
of claim 51 wherein the matrix means is formed from 
collagen; a colla^en-chitosan mixture; fibrin; a 
polyamine which is soluble in cell culture medium at 
pH values ranging generally from 2 to 5.5 and is at 
least partially insoluble in cell culture medium at 
pH values generally ranging from 6.8 to 7.4; a 
mixture of polyanionic polymers and polycationic 



WO 89/11529 



PCT/US89/02228 



- 50 - 

polymers; or a polymer that is soluble in cell 
culture medium at temperatures generally from O 
to 30° C. at least partially insoluble in cell 
culture medium temperatures ranging generally f 
32° C. to 45° C. 
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